Charge-based Modeling of Ultra Narrow Cylindrical Nanowire FETs by Shafizade, Danial et al.
ar
X
iv
:2
00
3.
06
81
3v
1 
 [p
hy
sic
s.a
pp
-p
h]
  1
5 M
ar 
20
20
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, XXXX 2019 1
Charge-based Modeling of Ultra Narrow
Cylindrical Nanowire FETs
Danial Shafizade, Majid Shalchian, and Farzan Jazaeri
Abstract—This brief proposes an analytical approach
to model the dc electrical behavior of extremely narrow
cylindrical junctionless nanowire field-effect transistor (JL-
NW-FET). The model includes explicit expressions, taking
into account the first order perturbation theory for calcu-
lating eigenstates and corresponding wave functions ob-
tained by the Schro¨dinger equation in the cylindrical coor-
dinate. Assessment of the proposedmodel with technology
computer-aided design (TCAD) simulations and measure-
ment results confirms its validity for all regions of oper-
ation. This represents an essential step toward the anal-
ysis of circuits mainly biosensors based on junctionless
nanowire transistors.
Index Terms—Cylindrical FETs, Junctionless FETs,
Nanowire FETs, Quantum Confinement, first order pertur-
bation.
I. INTRODUCTION
JUNCTIONLESS (JL) Silicon nanowire FETs with heavilydoped channel, typically in the range of 1019 cm−3 to
1020 cm−3, have been the subject of intensive research both
in the fields of fabrication process and modeling. Due to
its extremely interesting morphological and functional bio-
compatible for sensing applications [1], [2], silicon nanowire
has been broadly used for the label-free detection in chemical
and biological experiments [3], [4]. Given the advantage of
using junctionless silicon nanowires in a wide range of appli-
cations, especially for sensing applications, several compact
models have been proposed so far [5], [6]. Relying on the
Poisson-Boltzmann equations, the charge-based models were
developed to model junctionless double-gate and nanowire
FETs in [7]–[9]. However, those models overestimate the drain
to source current and free carrier charge density for the channel
thicknesses less than 10 nm due to the charge quantization
into discrete sub-bands, which was not taken into account
in classical models. To accurately capture the quantization
effects, we recently proposed a charge-based model, including
quantum confinement for ultra-thin junctionless double-gate
FETs and GAA Junctionless nanowire [10] and [11]. The
proposed approach relies on the Schro¨dinger equation with
the 1st order perturbation theory and Fermi-Dirac statistics.
In this context, extending the proposed approach, we derive
an explicit model for extremely narrow cylindrical junction-
less nanowire FET which has easier fabrication and higher
surface to volume ratio compared to rectangular cross-section
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nanowire, which are important features for nano-scaled sensor
structures. cylindrical device also exhibit uniform distribution
of potential and electric field around its surface without
electric field crowding near the corners, making this structure a
candidate for sensing application. Thus, taking into account the
stated advantages, we concentrate on the derivation of a simple
analytical model for extremely narrow cylindrical junctionless
nanowire FET for biosensing applications.
II. ELECTROSTATICS IN ULTRATHIN JUNCTIONLESS
CYLINDRICAL NANOWIRE FETS
We consider an n-type junctionless cylindrical nanowire
with diameterD and radius R. Fig. 1(a) shows a 3D schematic
view of a cylindrical junctionless nanowire. When the gate
to channel voltage is below the flat-band potential, we may
assume full depletion approximation and neglect free carrier
charge density assuming parabolic approximation for the po-
tential profile across the channel as a solution of the Poisson
equation. Hence, the potential distribution across the channel
can be expressed simply as:
ψ(r) = (ψs − ψc)(
4r2
D2
− 1) + ψs, (1)
Where ψs and ψc are the electrostatic potentials at the center
and surface of the cylindrical channel. On the contrary, by
increasing the gate voltage above the threshold, the density
of electrons in the few lowest subbands increases rapidly
according to Fermi-Dirac statistics in a system with 2D
confinement [12]. Fig. 2(a) represents the potential profile
across the channel, which compares TCAD simulation results
with the proposed model for D = 5 nm, from depletion
to accumulation mode. Physical parameters for cylindrical
JL nanowire FET used in the TCAD simulations and model
are listed in Table 1. This confirms the validity of parabolic
approximation for both depletion and accumulation modes, by
properly including the impact of carrier charges in (ψs − ψc)
term. As seen, the second derivative of the potential profile
versus r, which is proportional to the total charge density,
becomes positive/negative when the device enters into ac-
cumulation/depletion modes of operation. While the channel
is neutral and (Qsc = 0), the values of surface and center
potentials become equal, i.e. flat-band condition (see Fig.
1(b)). The electric field at the channel-oxide interface, Es, can
be obtained using (1) and is linked to the overall space charge
density. Imposing the boundary conditions at the perimeter of
the channel, the electric field can be given as a function of
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Fig. 1: (a) 3D view of Cylindrical Junctionless Nanowire. (b) energy band-
diagram across the diameter of the circular cross section. (c) 3D Potential
distribution across the channel cross section, for full depletion, flat band and
accumulation mode.
center and surface potentials by
Qsc = piDεsi
dψ(r)
dr
∣∣∣∣
r=R
= −4piεsi∆V. (2)
where ∆V = ψs − ψc. For any channel cross section with
radius R, one may write the Gauss law in circular coordinate:
Qsc = −2piDCox(VGS −∆φms − ψs). (3)
Cox is the gate dielectric capacitance per unit area given by
Cox = εox [R× ln (1 + tox/R)]−1 . (4)
Combining (2) and (3) gives a relationship between surface
and center potentials for a given gate voltage:
ψs = VGS −∆φms −
2εsi
DCox
∆V. (5)
On the other hand, the total charge density per unit length is
the sum of the mobile charge density, Qm, and fixed-charge
density, Qfix = qpiNDR
2, given by
Qsc = Qm + qpiNDR
2. (6)
Here mobile charge calculate by assuming 2D confinement of
electron in the channel for (D < 8 nm) and relying on Fermi
Dirac integral in order of − 1
2
and 1D density of state [13],
[14] we propose to estimate the mobile charge density, Qm,
by
Qm = −
2∑
k=1
qDoSkF− 1
2
(
− ηk
qvt
)
, (7)
where ηk = E
T
k,n=1−qψs+qVch is the difference between the
first sub-band eigenstate energy level and electron quasi-Fermi
level (qVch). As shown in Fig. 1(c) electron quasi-Fermi level
varies from 0 at the source to −qVDS at the drain terminal.
Moreover, DoSk represents 1D density of state. we further
assume that only two degenerate valleys (k = 1, 2) of the first
sub-band (n = 1) contribute to Qm.
TABLE I: Physical parameters of cylindrical JL nanowire FET used in the
TCAD simulations and model derivation
Parameter Symbol Value
Channel Doping ND 10
19 cm−3
Channel Diameter D 4− 6 nm
Oxide Thickness tox 1 nm
Channel Width LG 4 µm
Permittivity in Vacuum εo 8.85×10−12 F/m
Silicon Permittivity εsi 11.7εo
Silicon Oxide Permittivity εox 3.9εo
longitudinal Effective mass mr1 0.19mo
Transverse Effective mass mr2 0.315mo
Silicon Band Gap Eg 1.12 eV
Gate Work Function ∆φm 4.8 eV
Conduction Band effective DoS Nc 2.8×1019 cm−3
Valence Band Effective DoS Nv 1.04×1019 cm−3
Silicon Intrinsic Carrier Density ni 1.45×1010 cm−3
Temperature T 300◦ K
Thermal Voltage vt 0.025 V
First zero of J0(r) α1 2.4048
Second zero of J0(r) α2 5.5201
III. EIGENSTATE ENERGY LEVELS IN CYLINDRICAL
COORDINATE AND ELECTRON CHARGE DENSITY
As stated in [10] Solving the Schro¨dinger equation, for an
ideal circular infinite quantum well around the channel at Si-
SiO2 interface, eigenstate energy levels and electron wave-
functions in discrete sub-bands are given by
Ek,n =
~
2αn
2
2m∗kR
2
, (8)
Ψ(r) =
√
2
RJ1(αn)
Jo(
αnr
R
). (9)
Here, J0 and J1 are Bessel functions of the first kind and
αn is n
th zero of J0(r). The terms of α1 = 2.4048 and
α2 = 5.5201 are used to calculate the first and the second
eigenstate energy levels in the absence of electrostatic potential
perturbation respectively. The term of m∗k corresponds to the
electron effective mass inside the channel. In this study, the
effective masses are taken asmr1 = 0.19mo for the first valley
and mr2 = 0.315mo for the second valley in a < 110 >-
oriented Si channel [15]. The first order perturbation theory
is used to calculate the impact of electrostatic potential on
sub-band energies:
Epn = q
R∫
0
{
[Ψ(r)]∗ ψ(r)[Ψ(r)]
}
rdr. (10)
Substituting ψ(r) from (1) and Ψ(r) from (9) into (10) leads to
an analytical expression for the first order perturbation energy
in the cylindrical coordinate:
Epn = q
2∆V
3
(
αn + 1
αn
)
. (11)
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Total sub-band energy which results from geometrical and
electrical confinements is the sum of energies obtained in (8)
and (11):
ETk,n = Ek,n + E
p
n. (12)
Fig. 2(b) and (c) demonstrate ETk,n − qψs for two first sub-
bands and degenerate valleys measured from electron energy at
the channel surface as a reference. Although simulation results
show a good agreement compare to model for both sub-bands
and degenerate valleys but only the first sub-band considered
in model calculations, which reduce model computation. The
occupation percent of electrical charge in the two lowest sub-
bands indicates that the error in the charge density is less than
1.2% for 6 nm channel diameter when we neglect contributions
of higher subbands (n > 1) in charge density calculations.
However, to calculate the charge density more preciously,
additional sub-band should be included. Fig. 2(d) and (e)
show the mobile charge density concerning the effective gate
voltage for different channel diameters, i.e., D = 4, 5, 6, 8 nm
calculated from the proposed model and validated by TCAD
simulations results. In what follows, we discuss drain-current
derivation in which we use (7) and (12) to calculate channel
charge density.
IV. DRAIN CURRENT DERIVATION IN CYLINDRICAL
JL-NW-FET
As done in [11], relying on the drift-diffusion transportation
mechanism, the total drain current for both depletion and
accumulation regions can be obtained by
IDS = −
µq
LG
ηD∫
ηS
Qm
dVch
dη
dη. (13)
Here, the term µ is the free carrier mobility, ηS = E
T
k,n− qψs
and ηD = E
T
k,n+qVDS−qψs define as the differences between
the first sub-band and quasi-Fermi levels at the source and
drain sides of the channel. Differentiating η with respect to
the Vch we get:
dη
dVch
= q
[
1 +
dψs
dVch
(
dETk,n
dψs
− 1
)]
. (14)
Using (5), dψs/dVch can be expressed as
dψs
dVch
=
1
2piDCox
dQm
dVch
. (15)
Next, using (11) and (5) and applying the chain rule
dETk,n/dψs = dE
T
k,n/d∆V × d∆V/dψs, we obtain:
dETk,αn
dψs
=
(
αn+1
αn
)(
CoxD
3εsi
)
=a (16)
Here, a is a key parameter which depends on the channel
diameter and gate oxide thickness. Now we can write dV ch/dη
based on (14), (15) and (16) as follows:
dVch
dη
=
[
1
q
− β dQm
dη
]
. (17)
where β = (a− 1)/2piDCox. Substituting (17) into (13) leads
to:
IDS =
µ
LG
ηD∫
ηS
Qmdη −
βµq
LG
ηD∫
ηS
QmdQm. (18)
Replacing Qm from (7) in (18), and after integrating, we
obtain an analytical expression for the drain current:
IDS =
qµvt
LG
2∑
k=1
DoSk
[
F 1
2
(− η
qvt
)
]ηD
ηS
− µβ
2LG
2∑
k=1
q2DoS2k

(F
−
1
2
(− η
qvt
)
)2
ηD
ηS
.
(19)
V. RESULTS AND DISCUSSION
Fig. 2(f) and (h) show the drain current versus the effective
gate voltage at low (VDS = 0.1V ) and high (VDS = 0.5V )
drain potentials for linear and saturation modes of operation.
Fig. 2(j), (k), and (l) show the drain current with respect
to VDS for D = 4 − 6 nm respectively for several VGS
above the flat-band condition. Additionally, fig. 2(m), (n), and
(o) show the drain current comparison of model results and
experimental data for cylindrical junctionless nanowire with
D = 5 nm, tox = 10 nm and LG = 180 nm [16]. To compare
our model which is based on long channel approximation with
experimental data with 180 nm channel length, we introduced
a correction factor f = 1.6 in such a way that vt in (7)
will now be replaced by fvt to recover the mismatch in the
subthreshold region for drain current (see Fig.2 (n)). It worth
highlighting that for long channel length devices, the suggested
model gives an accurate prediction of the carrier charge density
without any correction factor.
A self-consistent coupled Schrdinger-Poisson model has
been used in TCAD simulations for mobile charge density and
band state energy derivation. For the current calculation, we
used the Bohm Quantum Potential model in our simulation.
TCAD assures that there is a close agreement between Bohm
Quantum Potential and the results of Schro¨dinger-Poisson
model calculations for any given class of device. The result
predicted by the model shows excellent agreement with TCAD
simulations, in both linear and saturation regions. TCAD
simulation results verify that the proposed model works well
for both depletion and accumulation regions for the device
with an extremely narrow channel size (D = 4− 6 nm).
Before concluding, we would like to say few words about
the limitations of this model. As simulation results indicated,
the model demonstrates excellent accuracy for D = 4−6 nm.
However, as shown in Fig.2(d), for channel diameter larger
than 6nm the model predicted charge density deviates from
simulation results. Indeed, by increasing channel diameter,
the potential distribution in the channel does not follow
the parabolic approximation anymore. As a result, first-order
perturbation theory (11) can not correctly predict discrete sub-
bands’ energy and higher order interactions should be taken
into account. Moreover, the energy distance between sub-
bands decreases and therefore the charge in several subbands
4 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, XXXX 2019
-2 -1 0 1 2
0
0.2
0.4
0.6
0.8
0 0.2 0.4 0.6 0.8 1
-0.2
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
3
0 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0 0.2 0.4 0.6 0.8 1
10-14
10-13
10-12
10-11
10-10
10-9
0 0.2 0.4 0.6 0.8 1
0
1
2
3
4
0 0.2 0.4 0.6 0.8 1
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
0 0.2 0.4 0.6 0.8 1
0
1
2
3
4
5
6
7
0 0.2 0.4 0.6 0.8 1
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
0 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
3
3.5
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
-0.4 -0.2 0 0.2 0.4 0.6 0.8
0
0.5
1
1.5
2
-0.4 -0.2 0 0.2 0.4 0.6 0.8
10-4
10-2
100
102
104
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
Po
te
nt
ia
l P
ro
fil
e 
(V
)
Channel Position (nm)
(a)
VGS(V) = 0.3 : 1
  o  TCAD Simulation  , ND   = 10
19 cm-3 , D   = 5 nm
   Quantum Model    , tox   = 1 nm         , LG  = 4 m
   D = 6 nm
k = 1
k = 2
 o  D = 4 nm
Su
b-
ba
nd
 E
ne
rg
y 
(e
V)
VGS- ms (V)
(b)
n = 2
k = 2
k = 1
tox    = 1 nm
LG    = 4 mm
   o    TCAD Simulation
    Quantum Model
k = 1, 2
 o      TCAD Simulation
    Quantum Model
tox  = 1 nm
LG  = 4 mm
n  = 1
k  = 1, 2
Su
b-
ba
nd
 E
ne
rg
y 
(e
V)
VGS- ms (V)
(c)
   D = 6 nm
 o  D = 4 nm
tox  = 1 nm   ,  ND   = 10
19 cm-3
LG  = 4 mm  ,  Vch  = 0 V tox = 1 nm  
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
   D = 8 nm
ND  = 10
19 cm-3
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
   D = 8 nm
   o     TCAD Simulation
     Quantum Model
C
ha
rg
e 
D
en
si
ty
 (n
C
/m
)
VGS- ms (V)
(d)
Vch  = 0 V
LG = 4 mm
   o     TCAD Simulation
     Quantum Model
C
ha
rg
e 
D
en
si
ty
 (n
C
/m
)
VGS- ms (V)
(e)
X 10-8
D
ra
in
 C
ur
re
nt
 (A
)
VGS- ms (V)
(f)
tox  = 1 nm  ,  ND   = 1019 cm-3
LG  = 4 mm ,   VDS  = 0.1 V
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
   o      TCAD Simulation
     Quantum Model
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
   o      TCAD Simulation
     Quantum Model
ND   = 10
19 cm-3
tox     = 1 nm  
LG    = 4 mm
VDS  = 0.1 V
D
ra
in
 C
ur
re
nt
 (A
)
VGS- ms (V)
(g)
X 10-8
D
ra
in
 C
ur
re
nt
 (A
)
VGS- ms (V)
(h)
tox  = 1 nm  ,  ND   = 1019 cm-3
LG  = 4 mm  ,  VDS  = 0.5 V
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
   o      TCAD Simulation
     Quantum Model
ND   = 10
19 cm-3
tox     = 1 nm  
LG    = 4 mm
VDS  = 0.5 VD
ra
in
 C
ur
re
nt
 (A
)
VGS- ms (V)
(i)
 o  D = 4 nm
   D = 5 nm
   D = 6 nm
D    = 4 nm
D
ra
in
 C
ur
re
nt
 (A
)
VDS (V)
(j)
X 10-8X 10-8
VGS(V) = 0.65, 0.7, 0.75, 0.8 
tox  = 1 nm , ND   = 10
19 cm-3, LG  = 4 mm 
     o    TCAD Simulation
         Quantum Model
D
ra
in
 C
ur
re
nt
 (A
)
VDS (V)
(l)
D    = 6 nm
   o      TCAD Simulation
     Quantum Model
VGS(V) = 0.65, 0.7, 0.75, 0.8 
tox  = 1 nm , ND   = 10
19 cm-3, LG  = 4 mm 
        o      TCAD Simulation
            Quantum Model
X 10-8
VGS(V) = 0.65, 0.7, 0.75, 0.8 
tox  = 1 nm , ND   = 10
19 cm-3, LG  = 4 mm 
 o      TCAD Simulation
      Quantum Model
D
ra
in
 C
ur
re
nt
 (A
)
VDS (V)
(k)
D    = 5 nm
X 103
VDS (V) = 0.1, 1.2
  Quantum Model
 ·   Measurements
D
ra
in
 C
ur
re
nt
 (m
A/
mm
)
VGS- ms (V)
(m)
D = 5 nm , tox  = 10 nm , LG  = 180 nm
Vth= 0.05 V   Quantum Model
VDS (V) = 0.1, 1.2
 ·   Measurements
D
ra
in
 C
ur
re
nt
 (m
A/
mm
)
VGS- ms (V)
(n)
D = 5 nm , tox  = 10 nm , LG  = 180 nm
SS = 105 mV/dec , Vth= 0.05 V
X 103
VGS (V) = 0.6
VGS (V) = 0.3
  Quantum Model
 ·   Measurements
D
ra
in
 C
ur
re
nt
 (m
A/
mm
)
VDS (V)
(o)
D = 5 nm , tox  = 10 nm , LG  = 180 nm
Fig. 2: (a) Potential distribution across the 5nm channel diameter for different values of the gate potential. Solid lines: proposed model. Symbols: TCAD
simulation. (b) And (c) shows respectively first sub-band energy (n = 1) and second sub-band energy (n = 2) from the reference of electron quasi-fermi level
at surface of the channel as a function of gate voltage for channel diameter of 4 and 6 nm for two degenerate valley calculated from analytical model (Solid
lines) and verified by TCAD simulation (symbols). Mobile charge density with respect to the effective gate to source voltage for different channel diameters
of 4, 5, 6 and 8 nm (d) linear scale and (e) semi-log scales. (f) and (g) represented drain current versus effective gate voltage for VDS = 0.1 V for linear
and logarithmic scale, respectively. (h) Linear and (i) logarithmic scale of drain current with respect to the gate source voltage for VDS = 0.5 V. (j), (k)
and (l) shows drain current versus drain voltage for several values of VGS and channel diameter of 4, 5 and 6 nm respectively. Solid lines: proposed model.
Symbols: TCAD simulation. (m) linear and (n) logarithmic scale of normalized drain current versus gate voltage for VDS = 0.1 V and VDS = 1.2 V from
the analytical model (solid and dash lines) and experimental measurements (symbols). (o) Show normalized drain current as a function of drain voltage for
VGS = 0.3 V and VGS = 0.6 V. Analytical model with f = 1 (solid lines) and experimental measurements (symbols). Measurements are taken from [16].
participate in the conduction process. Another important con-
sideration is variability due to random fluctuations in ultra-thin
devices with high doping concentration. A capillary channel
with high doping concentration caused a random position of a
few impurity atoms in the channel, which has a critical impact
on model validity due to device to device variations. This issue
is critical for VLSI applications, however as discussed in [11],
it is not a major concern as long as we focused on biosensing
applications.
VI. CONCLUSION
In this paper, we developed a simple analytical model
for 2D electrostatic potential distribution and charge density
of extremely narrow cylindrical nanowire FETs. Takes in to
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account cylindrical coordination and first-order correction for
the confined energies analytical solution developed for discrete
energy sub bands. Moreover, by using drift-diffusion method
we derived simple analytical expression for drain current. The
validity of the model verified by TCAD simulations and also
experimental data for a device with channel diameter in the
range of 4 to 6 nm. Results evaluation confirms that the
proposed model can capture precisely the dc behavior of such
device for all regions of operation. In addition, this approach
might also be used to derive trans-capacitance model for ac
analysis with cylindrical junctionless nanowire devices [17],
[18].
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